Experimental condition Origin of the diagonal peaks in the 2D frequency-frequency correlation map Fifth-order signal versus lower-order cascades Fig. S1 . Resonance condition for the measurements. Fig. S2 . Depletion of vibrational coherence in the TR-ISRS experiment.
This PDF file includes:
Experimental condition Origin of the diagonal peaks in the 2D frequency-frequency correlation map Fifth-order signal versus lower-order cascades Fig. S1 . Resonance condition for the measurements. Figure S1 shows the spectral condition for the fifth-order impulsive stimulated Raman (TR-ISRS) measurements. The actinic pump (P 1 ) pulse was tuned to 450 nm, and its pulse duration was adjusted by a grating-based 4f stretcher. The 6.5-fs Raman pump (P 2 ) and probe (P 3 ) pulses are rigorously resonant with the stimulated-emission (SE) band of excited-state PYP, but not resonant with the ground-state absorption band, thereby allowing us to selectively monitor the Raman bands of excited-state PYP. 
Experimental condition

Origin of the diagonal peaks in the 2D frequency-frequency correlation map
As discussed in the main text, the diagonal peaks in the two-dimensional frequency-frequency correlation map basically represent the depletion (bleach) of the P 1 -induced vibrational coherence. The schematic representation of the relevant signal and corresponding typical energy ladder diagrams are shown in fig. S2 . To account for this effect in more detail, we provide a brief mathematical description in the following.
When the pulse duration of the actinic pump pulse (P 1 ) is short enough, it can create the vibrational coherence in the excited state at T = 0 ((i) in fig. S2A ), which can be represented as
Here, we assume a damped cosine function for the P 1 -induced vibrational coherence. 1 0 , , represent its oscillation amplitude, vibrational frequency, and dephasing time, respectively. It has been experimentally demonstrated that this P 1 -induced vibrational coherence can be transferred to other vibrational levels or population states by the interaction with the impulsive Raman pump (P 2 ) pulse, giving rise to its depletion (bleach) (27). These processes are classified as  (5) processes, whose relevant energy ladder diagrams are shown in fig. S2B . Because this depletion is also the P 2 -induced differential signal that we experimentally record, it contributes to the raw TR-ISRS data ((ii) in fig. S2A ). The P 2 -induced differential signal due to the depletion can be represented as
where represents the efficiency of the bleaching caused by the P 2 pulse. In actual TR-ISRS experiments, the P 2 pulse not only bleaches the coherence, but also creates vibrational coherence through the resonant ISRS process which we desire to measure ((iii) in fig. S2A ). This signal can be Importantly, the phase of the depletion signal (the second term) depends on the T delay time, and therefore, it can constructively or destructively interfere with the vibrational coherence created by the P 2 pulse (the first term). Consequently, the total P 2 -induced oscillation (Fourier) amplitude exhibits the oscillatory feature, when it is plotted against the T delay time (Fig. 4) , with its own frequency ( ). This oscillatory feature, in principle, only carries the information of the P 1 -induced vibrational coherence, and it obscures the signal due to the P 2 -induced vibrational coherence that we intend to measure in TR-ISRS experiments. (In fact, in many cases, we find that the oscillatory amplitude due to the depletion of the P 1 -induced vibrational coherence is much larger than the signal due to the vibrational coherence that is newly created by the P 2 pulse.) Thus, when one desires to track the temporal profile of a particular Raman band by TR-ISRS, it is important to sufficiently care the pulse duration of the actinic pump and carefully consider the effect of the vibrational coherence induced by the actinic pump pulse. It is also noteworthy that Eq. 1 indicates that the initial phase of the total P 2 -induced oscillatory signal is different for different modes due to the (∆ ) factor, and hence the relative phase of the modes changes against the T delay time. Therefore, when the multiple bands are closely spaced and partially overlap in the frequency domain, their peak positions in the Fourier amplitude (or power) spectrum can no longer precisely represent the true vibrational frequencies. They change against the T delay time because the real and imaginary parts of the Fourier transform interfere each other for these modes. 
Fifth-order signal versus lower-order cascades
Cascaded third-order processes are known to contaminate the fifth-order Raman experiment (13, 14, (32) (33) (34) . In the cascading processes, the electric field radiated by the third-order polarization of one molecule is used for inducing third-order polarization of another molecule, which then radiates the signal in the same direction as the true fifth-order signal. In the present experiment, solvent-solute (and vice versa), solute-solute, or solvent-solvent cascading are the subject for consideration. Among these possible cascading combinations, contribution of the processes involving solvent (water) or ground-state PYP can be ruled out because we do not observe any signal attributable to water (solvent) or ground-state PYP vibrations. It should be noted that, the concentration (c) of the sample solution is much lower in the present study (~300 M) than that of the original 2D Raman study on neat liquids (~10 M) which substantially suffered from cascading (32). Because the true fifth-order signal scales with c whereas the cascading signal scales with c 2 , the contribution of the cascading process should be negligible under the present experimental condition. Currently, we do not take account of the cascades occurring between excited-state PYP molecules, such as third-order-to-fifth-order cascading. These processes should be much weaker than the true fifth-order Raman response because they involve four more field-matter interactions and thus they are higher order in this sense.
